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is not unequivocal. The use of adaptation properties to infer submodality input, however, 65
receives support from what is known of the earlier processing stages. Indeed, individual 66 neurons in the DCNC exhibit responses similar to those of a single type of peripheral 67 afferent in macaque (Douglas et al., 1978) , and their responses seem to be dominated by 68 input from one or a few mechanoreceptive fibers (Ferrington et al., 1987a; Ferrington et 69 al., 1987b) . Similarly, neurons in VPN are readily classifiable as SA1-, RA-or PC-like 70 . In other words, signals stemming from SA1 and RA afferents seem to 71 be segregated as they ascend the perceptual pathway. The segregation of modality-72 specific signals along the somatosensory pathway is also reflected in a functional 73 segregation of processing streams: the SA1 stream is thought to mediate form and texture 74 4 perception whereas the RA stream is thought to underlie flutter perception and motion 75 detection (Johnson, 2001) . 76
The degree of segregation of SA1 and RA signals in SI of primates has not been 77 investigated systematically and quantitatively. Sur et al. (1981; 1984) distinguished 78 neurons in macaque SI based on the presence or absence of an observable sustained 79 response. However, many neurons that exhibited a sustained response also produced an 80 off response, a characteristic of RA but not SA1 afferents at the somatosensory 81 periphery. 1 Dykes and colleagues (Dykes et al., 1980; Dykes and Gabor, 1981 ) made a 82 similar observation in cat SI. In other words, neurons classified as SA1-like also 83 exhibited RA-like response properties. In the present study, we assess the degree to 84 which individual neurons in SI exhibit responses to step indentations that are analogous 85 to those produced by one or both types of peripheral afferents. The objective of this line 86 of inquiry is to assess the extent to which submodalities remain segregated in SI. 87
Specifically, we assess whether submodalities remain segregated in SI, or whether 88 individual neurons receive convergent input from both SA1 and RA afferents. Variable-duration indentations. With this protocol, we gauged the extent to which the 165 strength of the off response was dependent upon the indentation duration. Nine probes, 166 arrayed in a 3x3 square centered on the neuron's hotspot, were indented 500μm into the 167 skin for a duration of 62, 125, 250, 500, 1000 or 2000 ms. Stimuli, each presented 10 168 times in pseudorandom order, were separated by a 500-ms interval. When this protocol 169 was applied to peripheral afferents, the durations were 60, 80, 100, 120, 160 and 200 ms. stimulus (onset and offset)(see Figure 1b) , whereas SA1 afferents respond during the 174 sustained portion of the stimulus and do not exhibit a distinct off response at stimulus 175 offset (see Figure 1a) . To the extent that cortical neurons receive input from one or the 176 other population of fibers, their responses to sustained indentations should reflect that of 177 one of the two afferent populations. We thus computed, from data obtained in the 178 adaptation protocol, an adaptation index that gauged the strength of the off response 179 relative to that of the sustained response. Because both SA1 and RA afferents produce 180 responses at the onset of the stimulus, we excluded this portion of the response from the 181 analysis, as it does not discriminate between these two populations of afferents. The off 182 response, R OFF , was defined as the firing rate evoked during the first 40ms after stimulus 183 offset, the sustained response, R SUSTAIN , was defined as the firing rate evoked during a 40-184 ms period beginning 90ms before the offset of the stimulus (See top right inset in Figure  185 1) 2 . These intervals were adjusted for response latency, defined as the time of steepest 186 9 rise in the neural response following stimulus onset 3 . The baseline firing rate of the 187 neuron was measured from its responses during the 250-ms interval before each stimulus. 188
The index was computed after the baseline firing rate had been subtracted from the 189 stimulus-evoked responses. The values for R OFF and R SUSTAIN were then normalized by 190 dividing by their grand mean across the population, as the magnitude of R OFF tended to 191 be an order of magnitude larger than that of R SUSTAIN . The adaptation index, AI, was thus 192
given by: 193
If a cell were an ideal RA-like neuron, AI would be 1, as the neural response 195 (excluding the on response and lacking a sustained response) was confined to the period 196 immediately following the offset of the stimulus. If a cell were an ideal SA1 neuron, then 197 AI would be 0 because the neuron would be silent after the offset of the stimulus. This 198 index yields a perfect dichotomization of SA1 and RA responses at the somatosensory 199 periphery (all SA1 fibers yield an AI near 0, all RA fibers yield an AI near 1; see Figure  200 1A,B and Figure 3A) . 201
Linear model. We determined the extent to which responses of individual cortical 202 neurons to a step indentation could be explained by assuming that responses are a linear 203 function of the peripheral input. In this modeling effort, we used responses to the RF 204 mapping protocol (for reasons described below). Specifically, we computed the 205 peristimulus time histogram (PSTH) of the response of individual cortical neurons to the 206 nine single probe indentations nearest the neuron's hotspot (with 5 repetitions of each; 207 10 time bin = 1ms), having verified that the response was relatively consistent over this 208 1.5mm x 1.5mm region (both in magnitude and latency). We then computed the mean 209 PSTH of SA1 and RA afferents to the RF mapping protocol. We used responses to the 210 RF mapping protocol rather than to the adaptation protocol because we wished to 211 incorporate into the model the fact that the response latency of the peripheral input varies 212 depending on the position of the stimulus relative to the afferent's RF center (data not 213 shown). Specifically, the farther the stimulus is from the hotspot, the longer the response 214 latency. Thus, given that a cortical neuron receives input from afferents whose RFs are 215 spatially distributed, some of the cortical neuron's input (from afferents whose RFs are 216 located under or near the stimulus) is going to arrive at a shorter latency than the rest of 217 the input. This will lead to a temporal smearing of the thalamo-cortical input. To probe the degree to which individual neurons receive SA1 and RA input, we 269 first divided the response to the 500-ms indentation into three periods: the on period, 270 comprising the first 40ms of the response, the sustain period, a 300-ms period beginning 271 150ms after the onset of the response 5 , and the off period, which comprised a 40-ms 272 interval beginning 500ms after the onset of the response. For each neuron, we determined 273 whether the responses during the sustained and off periods were significantly greater than 274 13 baseline. Specifically, we compared the spiking rate evoked during the sustained or off 275 period to the baseline rate for the 60 presentations of the stimulus (using paired t-tests 276 with α-value = 0.05). Figure 4 shows the proportion of neurons that produced statistically 277 significant responses in either or both periods. As can be seen, a large proportion of 278 neurons exhibited statistically significant responses during both sustained and off periods 279 (51% in area 3b, 40% in area 1), suggesting that these neurons receive input from both 280 SA1 and RA afferents. Furthermore, among unimodal neurons, there were considerably 281 more RA-like than SA1-like neurons in SI. 282
It is possible that more neurons were classified as RA-like than SA1-like because 283
we have underestimated the SA1 input to many neurons. This underestimation may be 284 due to the type of stimuli used. Indeed, punctate stimuli may not effectively drive the 285 sustained response in these neurons. In auditory cortex, preferred stimuli evoke sustained 286 responses in auditory cortical neurons whereas non-preferred stimuli evoke only transient 287 responses at their onset and offset (Wang et al., 2005) , a phenomenon which might 288 explain the weakness of the sustained responses observed in the present study. 289
We have shown in a previous study that the orientation signal conveyed by 290 orientation-selective neurons in areas 3b and 1 is strongest during the sustained response 291 and weakest during the on and off responses (Bensmaia et al., 2008) . We can estimate the 292 extent to which we may have underestimated the sustained response by comparing the 293 magnitude of the sustained response of orientation-selective neurons when these are 294 stimulated with indented bars at their preferred and non-preferred orientations. 14 preferred orientation evoke a strong sustained response whereas bars orthogonal to the 298 preferred orientation evoke only a weak sustained response. In contrast, the magnitudes 299 of the on and off responses are relatively unaffected by stimulus orientation. We assessed 300 the extent to which neurons produced a sustained response to bars at their preferred and 301 non-preferred orientations (using data from Bensmaia et al., 2008) . We found that 46% of 302 orientation-selective neurons produced a significant sustained response when stimulated 303 at their non-preferred orientation whereas 84% of neurons produced a significant 304 sustained response when stimulated at their preferred orientation, a difference that was 305 statistically significant (χ 2 (1) = 31.7, p < 0.001). The incidence of significant sustained 306 responses to bars in non-selective neurons (52%) was comparable to that of selective 307 neurons when stimulated at their non-preferred orientation (46%). Thus, most neurons 308 seem to receive SA1 input, but this input is obscured when neurons are stimulated using 309 suboptimal stimuli. In other words, the proportions shown in Figure 4 may underestimate 310 the number of neurons that receive convergent input from SA1 and RA afferents (and 311 accordingly overestimate the incidence of unimodal RA-like neurons). To obtain accurate 312 estimates of the proportions of SA1-like, RA-like and mixed neurons in SI, then, it may 313 be important to stimulate these using a wide range of stimuli, thereby increasing the 314 probability of stimulating a neuron with its optimal stimulus. 315
If indeed the sustained and off responses stem from different peripheral inputs 316 (i.e., according to the convergence hypothesis), the strengths of these two aspects of the 317 response should be uncorrelated. For instance, one neuron may receive strong RA input 318 and weak SA1 input whereas another might have the reverse pattern of inputs. In 319 contrast, the on response reflects both SA1 and RA input (see Figure 6A β SA1 and β RA were significant), 85%, received excitatory input from both SA1 and RA 362 afferents; in area 1, 73% of neurons received excitatory input from both SA1 and RA 363 fibers; the remaining neurons in both areas received excitatory input from RA afferents 364 and inhibitory input from SA1 afferents ( Figure 7B) 6 . Importantly, the shallow slope of 365 the function relating the sustained response to the on response for area 3b neurons 366 ( Figure 6E ) suggests that RA projections to these neurons are stronger than are SA1 367
projections. 368
The ratio of |β RA | to |β SA1 | provides an indication of the relative strengths of the 369 SA1 and RA inputs: The mean ratios |β RA |/|β SA1 | were 1.3 and 1 for areas 3b and 1, 370 respectively. In area 3b, the input strength of RA relative to SA1 afferents (1.3) is 371 consistent with the ratio of the RA to SA1 innervation densities on the distal fingerpad, 372 which is also approximately 1.3 (Darian-Smith and Kenins, 1980) . This near 1 ratio 373 seems inconsistent with the observation that RA input dominates SA1 input in area 3b 374 (based on the slopes of the functions shown in Figure 6E ). We hypothesize that the 375 sustained response is suppressed when a neuron is stimulated with a suboptimal stimulus 376 (such as a punctate indentation) and enhanced when it is driven by a feature to which it is 377 sensitive (e.g., when an orientation-selective neuron is driven by a bar at its preferred 378 orientation). 379
An important assumption underlying our analysis is that the off response stems 380 from input from RA afferents. An alternative hypothesis is that the off response of at least 381 a subset of cortical neurons results from an inhibitory rebound mechanism. One 382 possibility is that these neurons only receive SA1 input. According to this hypothesis, 383 then, off responses result from a rebound from inhibition, triggered by the SA1 response; 384 off responses would then have a cortical origin and would not indicate RA input. We The main finding of the present study is that a large proportion of neurons in SI 407 produce mixed sustained and transient responses, which suggests that they receive input 408 (indirectly through the DCNC and the VPN) from both SA1 and RA afferent fibers. 409
Furthermore, 90% of SI neurons receive some or all of their input from RA afferents 410 (84% or more may receive SA1 input). To characterize the submodality composition of 411 transient portions of the stimulus; (2) we determined the extent to which the sustained 413 and off responses are significantly different from baseline; (3) we analyzed the 414 interrelationships between on, sustained and off responses; (4) we determined the extent 415 to which the responses of individual SI neurons to step indentations can be accounted for 416 by a linear combination of SA1 and RA responses. We then showed that the off response 417 increases with indentation duration, which is inconsistent with the hypothesis that it 418 reflects a rebound from inhibition. Our results therefore suggest that many neurons in 419 area 3b receive convergent input from SA1 and RA afferents. 420
421

Effect of indentation duration on the magnitude of the off response 422
As the duration of the indentation increased, the magnitude of the off response 423 increased. Indeed, the off response evoked by a 2-second indentation was over twice that 424 evoked by a 60-msec indentation. We hypothesize that this increase in the off response, 425 itself caused by an RA thalamo-cortical volley, is due to a progressive recovery from 426 inhibition that is triggered by the neural response, the inhibitory effect decaying over 427 The idea that somatosensory submodalities remain segregated in cortex originates 454 from seminal papers by Mountcastle (Mountcastle, 1957; Powell and Mountcastle, 1959) . 
Cortical columns and the convergence of submodality specific input 495
Because our neurons were sampled sparsely across the cortical tissue (215 496 neurons over five hemispheres), we cannot directly address the relationships among 497 function, anatomy, and circuitry. However, the prevalence of mixed neurons suggests that 498 convergence may be common in SI. Given that the consensus, as reflected in 499 neuroscience textbooks (e.g., Kandel et al., 2000) , is that submodalities are isolated in SI, 500 we considered the extent to which our results and conclusions differ from those drawn in 501 earlier studies. 502
First, submodality convergence is not incompatible with the idea that 503 somatosensory cortex is functionally organized in columns (Mountcastle, 1957) . (Zarzecki and Wiggin, 1982) . 526
That the preponderance of neurons receives some RA input is surprising. One 527 possibility is that the RA input to mixed neurons does not play a sensory role per se in a 528 subpopulation of neurons. Indeed, RA input may instead switch on a cluster of cortical 529 circuits that analyze information stemming from a specific patch of skin. Because RA 530 fibers respond only to dynamic stimuli, the activated cortical circuits will process 531 information stemming from a body region where a change in stimulation has taken place. 532 A related possibility is that RA input plays a role in directing attention to regions of skin 533 where the stimulus is changing. 534 A third possibility is that the output of mixed neurons is multiplexed and 535 interpreted differently by different upstream neurons: information about some aspects of 536 the stimulus (e.g., its 2D form) is read out during the sustained portion of the response 537 whereas information about other aspects of the stimulus is conveyed during its onset and 538 offset. For example, this multiplexing strategy could be adopted in the read-out of the 539 25 orientation signal conveyed by orientation-selective neurons ( Figure 5 ). Indeed, 540 orientation information is conveyed during the sustained response and is weakest during 541 the on and off responses (Bensmaia et al., 2008) . Perhaps the transient portions of the 542 response (stemming from RA input) convey information about the timing of the stimulus 543 (i.e., its onset and offset) whereas the sustained response (stemming from SA1 input) 544 conveys information about its spatial properties. Indeed, the evidence suggests that 545 columns that receive a strong RA input may carry a more robust representation of 546 stimulus frequency, a temporal property of the stimulus, than do columns receiving a 547 strong SA1 projection. Indeed, temporally patterned electrical stimulation of RA-like 548 columns yields much better performance than does stimulation of SA1-like columns in a 549 frequency discrimination task (Romo et al., 2000) . The multiplexing hypothesis might 550 account for the finding that adapting RA afferents improves spatial acuity (Bensmaia et 
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In all analyses, we ensured that the sustained response was measured after the ringing had subsided. The τ area 3b = 202ms
